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PREFACE 
This thesis is devoted to the study of the proteolytic enzymes that 
play a major role in or are associated with hydrolysis of leaf protein during 
leaf senescence. The text consists of three sections which discuss: (a) the 
relationship between endopeptidases of senescing leaves and the percentage 
of grain nitrogen; (b) proteolytic enzymes in attached leaves and detached 
darkened leaves; and (c) the proteolytic enzymes in water deficit leaves. 
Each section is written in a style suitable for submission for publication 
in a scientific journal. 
I thank my major advisor, Professor R. H. Hageman, for advising me 
during the course of this thesis and for providing adequate freedom and 
support in my research. 
I thank Professor J. S. Boyer, Chairman of the committee, for giving me 
freely of this time, experience and for broadening my knowledge in stress 
physiology. 
Professors C. J. Arntzen, R. J. Lambert, and C. M. Wilson are thanked 
for serving on my thesis committee. Professor R. J. Lambert advised and 
aided me in the field studies. 
I thank Dr. U. K. Feller and Dr. Tadahiko Mae. Dr. Feller directed me 
in the way of logical thinking and experimental design and Dr. Mae taught 
me the importance of precision and patience. 
Finally, I thank my wife, Julia, for her patience and encouragement 
throughout the period of this study. 
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PART I: RELATION OF PROTEOLYTIC ACTIVITIES IN 
LEAVES TO GRAIN NITROGEN OF CORN (ZEA MAYS L.) 
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INTRODUCTION 
The factors that control the amount and percentage of protein in the 
grain of cereal crops are not well defined. In developing high protein 
wheat genotypes, Johnson et al. (11) concluded that relatively few genes 
were involved in the control of protein content. It is commonly accepted 
that yield of corn and wheat correlate negatively with percentage of grain 
N (15, 6). This relationship results from the normal management of fertili-
zer N and is not obligatory as indicated by the work of Hucklesby e_t al. (10) 
and Deckard (4). 
The work of Hanway (9) indicated that the bulk carbohydrates in the 
corn kernel is dependent on photosynthesis during grain development while 
the bulk of the protein in the kernel arises primarily from translocation 
of vegetative N. This data provides the basis for the significant relation-
ship between leaf nitrate reductase activity and grain N in wheat grain 
within a given genotype (7) because nitrate reductase activity has been 
significantly correlated with accumulation of N by the vegetation (7, 1). 
Although correlations between nitrate reductase activities and grain N have 
been observed among diverse genotypes of both corn and wheat, the correla-
tion coefficients are low. This infers that other genetic factors, such as 
unequal retention of N in the straw as a function of genotype, are involved 
in the accumulation of grain N (7). Dalling e_t al. (2) found that a 
significant relationship between nitrate reductase activity and grain N was 
observed only after correcting for N transport efficiency (harvest index). 
In wheat, Rao and Croy (14) found that the protease activities of wheat 
seedlings (hemoglobin as substrate, pH 6.2) were different in high and low 
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grain protein varieties. Dalling et al. (3) suggested the acid protease 
activities were related to the N loss from the tissue. Perez et al. (13) 
reported that the high protease activities (hemoglobin as substrate, pH 7.5) 
were associated with the varieties of high percentage grain N in rice and 
indicated that more N in the form of amino acids could be translocated from 
leaf to the grain in the varieties with high protease activities. Our 
previous report (8) indicated that the caseolytic activities (pH 5.4 and 7.5) 
were the key enzymes for the leaf proteolysis during the grain development 
in corn. 
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MATERIALS AND METHODS 
Seeds of corn genotypes ILP, IRLP, B73, N28, ILP x N28, ILP x IRLP, 
IRLP x B73, IRLP x N28 and B73 x N28 were planted on May 6, 1975. In 1976, 
seeds of the first seven genotypes listed above, plus Mol7, 0h545, B73 x IHP 
and Mol7 x B73 were planted on May 11. The field design was a randomized 
complete block with three replications. Each plot consisted of 3 rows in 
1975 and 5 rows in 1976. Rows were 9.1 m long, spaced 76 cm apart, and 
contained about 34 plants (final stand). The center rows were used only for 
determination of final yield. In both years, the plants were located on 
Flanagan silt loam soil with high levels of P and K. All plots received 
spring applications of 200 kg N/ha. 
Illinois low protein (ILP), Illinois reverse low protein (IRLP) and the 
indicated single cross hybrids derived from these selections and a hybrid 
derived from Illinois high protein (IHP) and selected commercial inbreds 
and hybrids were used in this study. The effects of 70 years of selection 
on grain protein levels of the ILP, IRLP and IHP are known (5). The other 
genotypes were included because of their widespread use in commercial corn 
production. 
For the protease assays and leaf protein content, the ear leaves from 
three plants per plot were excised, deribbed and placed in a polyethylene 
bag on ice and transported to the laboratory. In 1975, the middle longi-
tudinal half of the ear leaves were chopped into 2 x 2 cm sections. The 
materials were thoroughly mixed and portions taken for extraction. In 
1976, the same procedure was used except that a 10 cm segment from middle 
of the ear leaves were used. The smaller mid-leaf section sampled in 1976 
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was used to reduce variability in proteolytic enzyme content, since leaf 
senescence proceeds from the tip to base of a leaf. This procedure was 
successful as less variability was observed among replicates in 1976 than in 
1975. The plants were sampled biweekly from pollination to approximately 
one week prior to the final harvest for yield determination. 
Enzyme Extraction. The leaf samples were ground in extraction medium 
(1:4, w/v) with a Virtis 45 homogenizer (Virtis Research Equipment, Gardiner, 
NY, USA) for 1 min at medium speed and 1 min at high speed. The extraction 
medium contained 1% (w/v) in soluble polyvinylpyrolidone and 10 mM 
mercaptoethanol in 0.05 M acetate buffer adjusted to pH 5.4 with KOH. The 
homogenate was filtered through 4 layers of cheesecloth and centrifuged at 
3,000 x g for 10 min. The supernatant was used for enzyme assays after 
overnight storage at 2 C. 
Enzyme Measurements. The clarified supernatant was desalted by filtra-
tion through a Sephadex G-25 column and assayed as previously described 
(Feller et. al., 1977). The endopeptidase activities were measured by the 
rate of production of trichloroacetic acid-soluble amino groups (ninhydrin 
reaction) from casein. The pH 7.5 caseolytic activities were assayed at 
45 C (1975) and 37 C (1976) in 0.05 M acetate that contained 10 mM 
mercaptoethanol. 
Expression of Enzyme Activities. Enzyme activities were expressed on 
ymoles «-NH2 produced per hour per g fresh weight basis. Because variability 
in enzymatic activities among replicate samples was greater than the 
variability between dates, especially for the September 15 measurements, 
means of the data of September 15 and 22 were used in the statistical analysis 
6 
in 1975. Data from these sampling dates were chosen because the endopepti-
dase activities were at or near maximum levels for all genotypes. In 1976, 
maturation of all genotypes was delayed, presumably due to abnormally cool 
weather in August and September (-3 F below normal). Delay in maturation 
was accompanied by a delay in the increase in endopeptidase activity, 
previously associated with loss of leaf protein (8). Marked increase in 
caseolytic activity (pH 7.5) was not observed in the hybrids until the 4th 
of October. Because unavoidable circumstances prevented subsequent samplings, 
the enzyme activity values of October 4 were used in the analysis. 
Plant Dry Weight Prior To and At Maturity. Three plants, selected at 
random from the outside rows of each plot, were excised at ground level and 
subdivided into lower, middle and upper leaf blades, husks, stalks and ears. 
The intact plants were weighed and the six composited plant part samples 
were reweighed prior to chopping in a mechanical silage chopper. Each 
sample was thoroughly mixed, and a 50 to 100 g portion placed in a cheese-
cloth bag and transferred to a 90 C forced draft oven for 48 hours. The 
total dry weight of the stover was calculated from the sum of the parts. 
The grain yield was measured by weighing the shelled grain from the center 
row of each plot. All dry samples were ground in a mechanical grinder with 
a 20 mesh screen and assayed for N content using a standard Kjeldahl 
procedure. In 1975, the plant dry weight was measured biweekly from 
July 21 to September 29 and at maturity. In 1976, the plants were measured 
on August 12, September 2, September 22 and at maturity. 
Nitrogen Content. The nitrogen content of the mature vegetative 
material (stover) and the grain were determined by standard Kjeldahl 
procedures. The factor 6.25 was used in conversion of N to protein. 
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Harvest Index. Harvest indices for dry weight and N were calculated as 
the ratio of grain dry weight or N over total plant dry weight or N at 
maturity. 
Statistical Analysis of Data. The results obtained from each year were 
statistically analyzed using analysis of variance procedures. The coefficient 
of variation for each character among treatments was calculated. To compare 
means, the least significant difference (L.S.D.) at 5% level of significance 
was used. The correlations among characters were measured and their signifi-
cance expressed by ** (1% level) and * (5% level). Treatment means were 
used for all regression analysis presented. 
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RESULTS AND DISCUSSION 
A summary of the data, means and coefficient of variability, and 
correlations among the various measured characters are presented in Tables 
la, lb, Ila, and lib for the 1975 and 1976 experiments, respectively. The 
data show significant differences between genotypes were found for all 
characters for both years. The lower level of caseolytic activity at pH 
7.5 observed in 1976 was due to changes in the selection of tissue for 
analysis, assay temperature and environmental effects on development of 
caseolytic activity. However, for the seven genotypes grown both years, 
the analysis of variance showed no significant year x genotype interaction 
for caseolytic activity (pH 7.5) and percent grain N. 
Among the genotypes in 1975, the greatest difference (2-fold) in 
caseolytic activities was between the ILP strain and N28 inbred. In 1976, 
the difference in pH 7.5 caseolytic activity between ILP and N28 was again 
2-fold, while the difference between ILP and B73 x IHP was 3-fold (Tables la 
and Ila). The caseolytic activity of ILP x IRLP exceeded the activity of its 
parents (pH 7.5, 1975) or the mid-parental activities (pH 5.4, 1975; and 
pH 7.5, 1976). Caseolytic activities of ILP x B73 exceeded or were close 
to the mean of parental activities in 1975 and 1976. Activities of the 
other hybrids were usually below the mean activities of their respective 
parents. Grain, grain N and stover production were heterotic (higher than 
superior parent) for all hybrids (Tables la and Ila) with the exception of 
ILP x IRLP. The percentage of grain N for the hybrids was always lower than 
the mean of their respective parents. 
Table la. Activities of endopeptidases of the ear leaf during the grain filling period and the yields and 
nitrogen content of grain and stover at maturity of several corn genotypes. The enzyme 
activities are the means of data of September 15 and 22, 1975. 
CA Grain (shelled) S tover 
pH 5.4 pH 7.5 
Genotype 
and No. umol NH2 hr g~*fw 
Yield 
g plant 
N 
-1 g plant -1 % 
Dry wt N 
g plant-^- g plant-J-
Harvest Index 
for 
Dry wt N 
ratio 
ILP (1) 58 
IRLP (2) 99 
B73 (3) 116 
N28 (4) 133 
ILP x B73 (5) 92 
ILP x N28 (6) 81 
ILP x IRLP (7) 96 
IRLP x B73 (8) 90 
IRLP x N28 (9) 102 
B73 x N28 (10) 105 
L.S.D. (0.05) 29 
C.V. (%) 17 
65 
121 
153 
173 
113 
94 
135 
119 
143 
144 
44 
20.32 
98 
134 
108 
82 
197 
206 
164 
205 
202 
194 
18.20 
6.67 
0.99 
2.94 
1.79 
1.59 
2.29 
2.29 
2.66 
3.99 
3.12 
3.39 
0.86 
20.3 
0.89 
1.76 
1.52 
1.85 
0.98 
1.06 
1,18 
1.43 
1.65 
1.49 
0.16 
6.6 
127 
186 
97 
96 
148 
123 
128 
151 
147 
194 
31.92 
13.3 
1.12 
1.36 
0.84 
1.12 
1.08 
1.06 
0.90 
0.77 
1.12 
1.49 
0.03 
13.2 
0.52 
0.53 
0.58 
0.54 
0.63 
0.67 
0.67 
0.64 
0.60 
0.57 
0.075 
7.37 
0.47 
0.68 
0.68 
0.59 
0.66 
0.68 
0.75 
0.82 
0.74 
0.70 
0.12 
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Table lb. Activity of endopeptidase of the ear leaf during the grain filling period and the yield and 
nitrogen content of grain and stover at maturity of several corn genotypes. The enzyme 
activities are the data of October 4, 1976. 
Genotype 
and No. 
ILP (1) 
IRLP (2) 
B73 (3) 
N28 (4) 
ILP x B73 (5) 
ILP x N28 (6) 
ILP x IRLP (7) 
B73 x IHP (11) 
Mol7 x B73 (12) 
Mol7 (13) 
Oh545 (14) 
L.S.D. (0.05) 
C.V. (%) 
CA (pH 
umol NH2 hr 
44 
54 
64 
92 
49 
47 
53 
139 
67 
68 
61 
22.3 
19.5 
7.5) 
-
1
 g-ifw 
( 
Yield 
g plant' 
156 
193 
157 
110 
263 
295 
201 
204 
245 
119 
137 
49 
15.2 
Srain 
-1 
(shelled) 
N 
g plant" 
0.98 
3.15 
2.23 
1.57 
2.20 
.3-15 
1.93 
3.63 
3.02 
1.73 
1.74 
0.59 
15.2 
% 
0.75 
1.70 
1.49 
1.92 
0.97 
1.16 
1.05 
2.31 
1.42 
1.74 
1.51 
0.079 
3.2 
Stover 
Dry wt 
g planfl 
155 
198 
146 
157 
183 
207 
157 
159 
148 
107 
134 
32 
11.8 
N 
g plant-1 
1.71 
1.88 
1.78 
2.20 
1.75 
2.17 
1.78 
1.29 
0.91 
0.93 
1.54 
0.43 
15.9 
Harvest 
for 
Dry wt 
Index 
N 
ratio 
0.50 
0.49 
0.52 
0.41 
0.59 
0.58 
0.56 
0.56 
0.62 
0.53 
0.51 
0,06 
6.0 
0.36 
0.62 
0.55 
0.42 
0.56 
0.59 
0.52 
0.74 
0.77 
0.65 
0.53 
0.08 
8.1 o 
Table Ila. Correlations among the characters listed in Table la. 
CA Grain (shelled) 
pH 5.4 pH 7.5 
-I -I ymol NH~ hr g fw 
Yield 
g plant-1 
Stover 
N 
g plant % 
Dry wt N 
g plant g plant 
Harvest Index 
for 
Dry wt N 
ratio 
CA (PH 5 . 4 ) ^ 
ymol NH2 hr g fw 
0.96 ** -0.23 0.12 0.61 -0.20 -0.19 -0.023 -0.002 
CA (pH 7.5) 
ymol NH2 hr 1 g fw 
-0.11 0.21 A* 0.61 -0.13 -0.033 0.03 0.26 
Grain (shelled) 
Yield (g plant-1) 0.62** -0.24 0.43** -0.01 0.53** 0.57** 
Grain (shelled) 
N (g plant-1) 0.38* 0.67** 0.16 0.41* 0.82** 
Grain (shelled) 
% N 0.10 0.22 -0.27 0.29 
Stover 
-lv Dry wt (g plant ) 0.60** -0.15 0.27 
Stover 
N (g plant-1) 
-0.50** -0.34 
Harvest Index for 
Dry wt (ratio) 0.71** 
Harvest Index for 
N (ratio) 
Table lib. Correlations among the characters listed in Table lb. 
Grain (shelled) 
CA (pH 7.5) 
ymol NH2 hr-1 g-1fw 
Yield 
-1 
Stover 
N Dry wt 
g plant g plant-1 
N 
g plant g plant 
Harvest Index 
for 
Dry wt N 
ratio 
CA (PH 7.5) 
ymol NH„ hr 1 g !fw 
Grain (shelled) 
Yield (g plant-1) 
-0.15 0.37* 0.79 -0.20 0.26 -0.05 0.38s 
0.63** -0.33 0.66** 0.08 0.75** 0.39* 
Grain (shelled) 
N (g plant-1) 
** ** 
0.41 0.49 -0.08 0.45** 0.77** 
Grain (shelled) 
% N -0.21 -0.22 -0.26 0.47 
** 
Stover 
Dry wt (g plant ) 0.66 
AA 0.03 -0.06 
Stover 
N (g plant- ) 1 -0.48** -0.66** 
Harvest Index for 
Dry wt (ratio) 0.62** 
Harvest Index for 
N (ratio) 
N> 
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In 1975, caseolytic activity at pH 5.4 was correlated (r = +.96) with 
caseolytic activity at pH 7.5, as would be expected from the developmental 
patterns of these activities in leaf tissue at this stage of plant develop-
ment (8). Because decreases in amino- and carboxypeptidase activities (data 
not presented) were concurrent with the loss of leaf N, these characters 
were all significantly and positively correlated in both experiments. These 
data were not presented because exopeptidase activities were not correlated 
with grain N, percent grain N or other characteristics. 
The data of Tables Ila and lib show that several of the characters were 
significantly correlated. However, some of the correlations are to be 
expected because of the inherant relationships that result from calculations 
for a character (e.g., g grain plant-1 with g grain N plant"1). In both 
years, caseolytic activities were significantly correlated (1% level) with 
percent gram N and positively associated (N.S. in 1975 and at the 5% level 
in 1976) with grain N per plant. These results indicate endopeptidase 
activities in the leaves are in some way associated with the accumulation 
of N by the grain. However, grain dry weight per plant was negatively but 
not significantly correlated with percent grain N and caseolytic activities, 
which illustrates the interactions and complexities of the metabolic reactions 
associated with seed development and composition. The harvest index of N 
was negatively correlated (-.34, 1975; -.66**, 1976) with stover N per plant 
while harvest index of dry weight was not consistently related to stover dry 
weight per plant (-.15, 1975; +.03, 1976). These results suggest the mobiliza-
tion and transport of vegetative N to the grain were more efficient than that 
for carbohydrates or that the supply of new N compounds were limited and 
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current photosynthate was adequate during grain development. In both experi-
ments, harvest index of dry weight was significantly correlated with harvest 
index of N; however, the physiological significance of this relationship 
is not clear. 
The changes in dry weight and N content of the grain, stover and grain 
plus stover during the grain development phase for inbred B73 (Fig. 1) are 
typical of the results obtained with the other 9 genotypes and similar to 
the data of Hanway (9). Because the maximum increase in total plant N was 
only 0.2 g and the stover N decreased by 2.1 g, it can be deduced that the 
grain N (1.8 g) was derived from hydrolysis and transport of the vegetative 
N. In contrast, total plant dry weight increased by 105 g and stover dry 
weight decreased only 60 g, during grain development, suggesting that over 
half of the grain dry weight (45 g) was derived from current photosynthate. 
In some genotypes there was no decrease in total dry weight at maturity 
(final harvest) even though no attempt was made to collect and weigh the 
bottom leaves that dropped from the plants. For all genotypes, there was a 
decrease in total N at final harvest suggesting that some N compounds were 
leached from the leaves by fall rains, transferred to the root system or 
decomposed and the N volatilized as gases (NH4 or NO). 
Data of Figure 2 show that grain N per plant was related to the total 
amount of N in the vegetative parts of the plant at approximately 2 weeks 
after anthesis (r2 =» +0.58** for 1975 and +0.62** for 1976). Among the 
genotypes, the different amounts of vegetative N (Fig. 2) is due primarily 
to variation in plant size rather than percent N composition. Stover dry 
weight per plant was significantly correlated with grain N per plant 
15 
Figure 1. Changes of gm dry weight and reduced nitrogen in the plant after 
anthesis. • = total; + = stover; O = grain. 
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Figure 2. Relationship of grain nitrogen and stover nitrogen (August 4, 
1975; August 12, 1976). Genotype numbers are listed in Table I. 
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(Tables lb and lib). Thus these data provide a possible explanation for 
the low degree of correlation between caseolytic activity per g of ear leaf 
weight and grain N per plant and the nonsignificant relationship between 
caseolytic activity and stover N per plant at maturity or decrease in 
vegetative N between anthesis and maturity. 
A significant relationship between the estimated average rate of loss 
of N per day from the vegetative plant parts during grain development and 
grain N per plant was observed in both experiments (Fig. 3). Obviously, the 
same relationship as in Figure 3 holds between the total amount of N lost 
from the vegetative plant parts and grain N per plant. The average loss of 
N was estimated by dividing the difference of stover N per plant at 2 weeks 
postanthesis minus stover N per plant at maturity by the number of days 
between the two sampling dates. Although Mikessell and Paulsen (12) showed 
that the rate of N translocation from the vegetative plant was not linear 
during the grain filling period, this does not affect the relationship 
illustrated by the data of Figure 3. 
Regression lines of percent grain N versus caseolytic activities show 
significant (1% level) regression coefficients in both experiments (Fig. 4). 
These data imply that endopeptidase activities as reflected by their ability 
to hydrolyze casein at either pH 5.4 or 7.5, play a key role in the hydrolysis 
of leaf protein and thus are indirectly related to the accumulation of N by 
the grain. 
The relative positions for each of the seven common genotypes, with 
respect to the plotted regression line, were very similar in both experiments. 
This suggests that endopeptidase activity is under genetic control since 
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Figure 3. Relationship of grain nitrogen and the average rate of loss of 
vegetative N. The genotype numbers are listed in Table I. 
1975 
Y = 71X + 0.10 
Z|IR2 = 0.56* 
1-
2 -
1-
1976 
Y = 66X + 0.91 
-R2 = 0.72** 
6 
2 y 
3 / 
5 X 
/ 7 
l«f / 
It / 
1 
1 
11 / 
/ 1 2 
r i 
. 
1 -
25 50 25 50 
AVERAGE RATE OF LOSS OF VEGETATIVE N (X 10-3
 gm/DAY) 
22 
Figure 4. Relationship of percent grain N and the caseolytic activities. 
The genotype numbers are listed in Table I. The dashed line 
indicates that the caseolytic activity was measured at pH 5.4. 
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environmental conditions and the development of the activity patterns were 
very different in 1975 and 1976. These plots also illustrate that divergent 
selection for high and low grain percent N (5) has produced strains that 
differ markedly in caseolytic activities. The high caseolytic activity of 
hybrid B73 x IHP (No. 11, 1976) and the relatively low levels of activity 
of ILP hybrids suggest that caseolytic activity of these two types of hybrids 
is under genetic control. In other trials, IHP (inadvertently omitted in 
1976) seeds normally contain from 2.8 to 3.2% N (6). 
Because of the significant correlation between grain dry weight per 
plant and grain N per plant, the inadequate sink capacity might be the cause 
for the lack of a consistent correlation between caseolytic activities and 
grain N per plant. Based on grain yields (Tables la and Ila), data for the 
hybrids and IRLP for both years were pooled and analyzed as one group. Data 
for all other inbreds were pooled and analyzed as a second group. Correla-
tion analysis (Fig. 5a) showed that relative caseolytic activity at pH 7.5 
was positively related to grain N per plant for group one genotypes. However, 
the correlation value was not high which indicates that other factors [func-
tional sink capacity or amount of N (wt x %) in the vegetative tissues at 
anthesis] are involved in the reaction. For the second group of plants, ILP 
was uniquely low in caseolytic activity and g grain N plant"1 for both 
years. A nonsignificant negative correlation was observed between caseolytic 
activity and g grain N plant""1 for the other group. With group one genotypes 
there was no correlation between relative caseolytic activity and grain dry 
weight per plant as would be expected (Fig. 5b). However, a significant 
negative correlation was found with the inbred group two (excepting ILP). 
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Figure 5a. Relationship of the relative caseolytic activity (pH 7.5) and 
grain nitrogen. The relative caseolytic activity was the per-
centage of the caseolytic activity as compared to the caseolytic 
activity of N28 in the same year. The genotype numbers are 
listed in Table la and lb. The underlined numbers are the 
genotypes listed in Table lb. The correlation coefficient was 
significant at 5% level in the group of hybrids + IRLP. The 
ILP (No.l) of both years were circled and not used for analysis. 
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Figure 5b. Relationship of the relative caseolytic activity (pH 7.5) and 
grain dry weight. The genotype numbers are listed in Table la 
and lb. The underlined numbers are the genotypes listed in 
Table lb. The correlation coefficient was significant at 1% 
level in the group of inbreds. The ILP (No. 1) of both years 
were not used for analysis. 
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Because percent grain N is a function of N and carbohydrate contents of the 
grain, these data provide a possible reason for the correlations observed 
between caseolytic activities and percent and amount of grain N. 
The question can be raised as to why caseolytic activities in the ear 
leaf, sampled after the bulk of the N had been accumulated by the grain, 
should be related to the percent or amount of grain N. Feller et al. (8) 
found that increases in leaf endopeptidase activity parallel leaf senescence. 
Individual leaves senesce from the tip to the base and canopy senescence is 
first observed on the bottom leaf and moves sequentially upward. Subsequently, 
senescence is observed to move progressively down from the top leaves. The 
ear leaf is one of the last leaves to senesce. It is assumed that the same 
relative levels of endopeptidase activities occurred in the other leaves 
which senesced at earlier times during the period of most rapid grain N 
accumulation. Thus the endopeptidase activities measured in the ear leaf 
must reflect the genetic potential to produce these hydrolytic enzymes. 
We do not believe endopeptidase activity measured by hydrolysis of 
casein at pH 7.5 is the only enzyme responsible for hydrolysis and mobiliza-
tion of vegetative protein. At least four endopeptidases have been partially 
purified from senescing corn leaf tissue (unpublished). We believe endopep-
tidases play a key role in the hydrolysis of vegetative protein for transport 
to the grain. The correlation between caseolytic activity at pH 7.5 and the 
percent and amount of grain N suggest assays at pH 7.5 provide a useful 
estimate of the genetic potential for hydrolysis of vegetative protein and 
the ability of the grain to accumulate N. 
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SUMMARY 
The relationship between proteolytic enzymes and decrease in vegetative 
N and accumulation of N by kernels was investigated under field conditions 
in 1975 and 1976. The 6 inbreds and 8 hybrids tested included current 
commercial inbreds and Illinois high and low protein selections. Seven of 
these genotypes were used both years. Endopeptidase activities (assayed 
with casein as substrate at pH 5.4 and pH 7.5 in 1975 and at pH 7.5 in 1976) 
were measured in the mid-segment of the ear leaf at biweekly intervals from 
pollination to maturity. Dry weight and nitrogen content of the vegetation 
(above ground) and grain were measured at intervals after pollination and 
at maturity. 
The bulk of the grain dry weight was derived mostly from current photo-
synthesis while the bulk of the grain N was transferred from the vegetation. 
The total amount of N in the vegetation during the early phase of kernel 
development (2 weeks postanthesis) was significantly correlated to the total 
grain N at maturity (r = ca. +0.77). The amount of total N loss from the 
vegetation during the kernel development was significantly correlated to 
the total grain N at maturity (r = ca. +0.80). The harvest index for dry 
weight was significantly correlated with harvest index for N for both years. 
Endopeptidase (caseolytic) activities at both pH 5.4 and 7.5 were 
significantly correlated with percent grain N in 1975 (r = +0.61) and at 
pH 7.5 in 1976 (r = +0.79). When the high yielding genotypes were grouped 
and the data of both years pooled, endopeptidase activity at pH 7.5 was 
significantly correlated with amount of grain N (r = +0.60), but not with 
grain weight (r = +0.24). When the same procedures were used for the low 
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yielding inbreds, activity at pH 7.5 was negatively correlated with grain 
weight (r = -0.84) and grain N (r = -U.64). While the endopeptidase 
activities of the ear leaf are related to the percent 'of grain N, other 
factors (vegetative mass and its N composition and functional sink capacity) 
influence the relationship between endopeptidase activities and g grain. 
Illinois low protein was uniquely low, Illinois reverse low protein was 
intermediate and B73 x IHP was uniquely high in both endopeptidase activities 
and percent grain N. Thus the selection for diverse percent grain protein 
also selected for divergent caseolytic activity (IHP is uniquely high in % 
grain N). With the exception of hybrids ILP x IRLP and ILP x B73, endopep-
tidase activities of hybrids were below the parental mean activities. These 
results show that endopeptidase activity levels are subject to genetic 
manipulation and indicate that measurement of these activities in conjunction 
with the other measurements should help identify and clarify factors involved 
in grain N accumulation. 
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PART II: CHANGES IN ACTIVITIES OF PROTEOLYTIC 
ENZYMES DURING SENESCENCE OF DETACHED CORN (ZEA MAYS L.) 
LEAVES AS A FUNCTION OF PHYSIOLOGICAL AGE 
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INTRODUCTION 
When detached leaves are placed in a humid and dark environment, leaf 
senescence as indicated by the loss of protein and chlorophyll from the 
leaves were observed (9, 11, 17). Kinetin was known to prevent proteolysis 
and the loss of chlorophyll in detached leaves placed in a dark environment 
(5, 14); however, the effectiveness of kinetin in prevention of senescence 
was reported to be governed by the age of the leaves (10, 11). 
Although senescence in detached darkened seedling leaves has been 
studied extensively in regard to protein degradation (1, 8, 9, 16) changes 
in proteolytic enzyme activities during the dark incubation in detached 
leaves of different ages is unknown. 
Senescence in attached and detached leaves were similar as judged by 
the decrease of the level of protein and chlorophyll, but there was no 
accumulation of the levels of amino acids in attached leaf during senescence 
(2). The changes in proteolytic activities during senescence of attached 
and detached leaf senescence has not been compared. 
The objectives of this study were to (a) investigate the changes of 
proteolytic activities in detached and darkened senescing leaves taken from 
plants at different stages of development and (b) to compare the patterns 
of proteolytic enzyme activities in attached and detached senescing leaves 
in the same stage of development. 
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MATERIALS AND METHODS 
Plant Material. In some experiments, corn kernels of the same genotype 
were grown in a growth chamber in vermiculite and irrigated daily with a 
full-strength Hoagland solution. The temperature within the growth chamber 
was maintained at a constant 30 C, with a 14 hr photoperiod and 20,000 lux 
light intensity. In other experiments, the seeds of corn (cv. IRLP x B73) 
were planted on May 6, 1975. The planting pattern was a randomized complete 
block with three replications. Each plot consisted of 3 rows. The rows were 
9.1m long, spaced 76 cm apart, and contained about 34 plants (final stand). 
The plots consisted of Flanagan silt loam soils that had high levels of P and 
K. Each received a spring application of 200 kg N/ha. 
Methods of Sampling. In some experiments using corn leaves grown in the 
growth chamber (at 15 days, 22 days and 35 days after germination), the 4th 
leaves from the bottom were excised and deribbed and used in the experiments. 
In other experiments, ear leaves from three plants per plot were excised, 
deribbed and placed in a polyethylene bag on ice and then transported to 
the laboratory. The middle longitudinal half of the leaf blades were used in 
the experiments. The sampling started 1 week prior to pollination and 
sampling continued biweekly until September 15. 
Treatment of Dark Senescence. After the leaves were deribbed, one half 
of each leaf (control) was assayed immediately for the proteolytic activities, 
levels of protein, chlorophyll and amino acids. The other half of each leaf 
was placed on wet paper towels in a humid box and incubated in a dark growth 
chamber. The temperature of the growth chamber was 30 C. After 48 hours, 
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proteolytic activities, levels of protein, chlorophyll and amino acids of 
these leaves were measured. Enzyme preparation, extraction, assay and the 
determinations of the contents of protein, chlorophyll and amino acids 
were the same as previously reported by Feller e_t al. (4). 
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RESULTS 
Studies were made with leaves at three different stages of development: 
(1) young and actively growing leaves, (2) mature and fully expanded leaves, 
and (3) senescing leaves. 
Young Leaf Stage. Characters of leaves in the young leaf stage and the 
effects of detachment are summarized in Figures 1 and 2. In the attached 
leaves the chlorophyll content increased linearly from day 15 to day 35 
(Fig. 1). Likewise, the protein and free amino acid contents were also 
increased. The following changes accompanied senescence of the detached 
leaf during dark incubation (Fig. 1). Chlorophyll and protein contents were 
reduced by about 25 and 50%, respectively, at each sampling date. In con-
trast, the free amino acid contents were increased by 300 to 400% after 
dark incubation. The changes in chlorophyll, ammo acids and protein 
contents in detached darkened leaves were similar to those reported for oat 
leaves (8). 
From day 15 to day 35, the aminopeptidase activities of the attached 
leaf were increasing while the carboxypeptidase activities remained constant 
(Fig. 2). It is not known whether the difference in the production of amino-
and carboxypeptidase activities during the leaf growth is due to their 
differences in subcellular localizations (3) and/or the effects of hormonal 
regulations. The endopeptidase activity (pH 7.5 with casein) remained low 
and unchanged in the attached leaf from day 15 to day 35 (Fig. 2). After 
48 hours dark incubation, the amino- and carboxypeptidase activities of the 
detached leaves remained high and unchanged and the endopeptidase activities 
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Figure 1. Effects of dark incubation on the amounts of chlorophyll, protein 
and free amino acids of the 4th leaves (from the bottom) of the 
maize at seedling stage. Symbols #, control companion half 
leaves and Q , dark treated half leaves. 
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(pH 7.5 with casein) remained low and unchanged in these young and developing 
leaves. 
Mature Leaf Stage. Ear leaves were judged to be-mature when leaf 
extension (length) ceased and protein content remained constant. In these 
experiments samples were taken between July 7 (one week prior to anthesis) 
and August 5, when leaf protein started to decline. The characteristics of 
the mature leaves are summarized in Figures 3 and 4. Visually, the attached 
leaves harvested at these two times were healthy and the levels of protein, 
chlorophyll, amino acid and the specific weights remained constant during 
the sample period. During dark incubation, the detached half leaves showed 
no change in specific weight, but the amounts of protein and chlorophyll 
decreased by 50 and 25%, respectively. The free amino acid content increased 
by 300%. These changes during dark incubation were similar to those changes 
observed with young and actively growing leaves similarly treated (Fig. 1). 
In regard to the changes of proteolytic activities, the aminopeptidase 
activities of the attached leaves increased from July 7 to July 22 and then 
leveled off while the carboxypeptidase activities increased linearly (Fig. 4). 
In contrast, the endopeptidase activities (pH 5.4 and 7.5 with casein) of these 
mature leaves were low and did not change from July 7 to July 22. These 
results were similar to those obtained with young leaves. There was, however, 
a measurable increase in caseolytic activity in the mature leaves from 
July 22 to August 5. After dark incubation, the amino- and carboxypeptidase 
activities of detached leaves remained unchanged (10% lower than control) 
and there was no change in the level of caseolytic activities at both pH as 
compared to the attached control leaves. Data of Figure 4 show that 
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Figure 3. Effects of dark incubation on the specific weight, protein, free 
amino acids and chlorophyll of the ear leaves from the field-
grown corn during grain development. Symbols 0, control companion 
half leaves and Q, dark treated half leaves. 
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endopeptidase activities (pH 5.4 and 7.5 with casein) increased slightly from 
July 22 to August 5 in both attached and detached leaves upon dark incubation. 
However, the percentage of protein loss from mature and young leaves during 
dark incubation was approximately the same. 
'Senescing Leaf Stage. From August 5 to September 22, the amount of pro-
tein of the attached ear leaves decreased markedly and was followed by the 
decreases of the level of chlorophyll and specific weight (Fig. 3). These 
results indicated that normal leaf senescence was initiated by the loss of 
leaf protein. The removal of free amino acids from the naturally senescing 
leaves was obvious as shown in Figure 3 that there was no accumulation of 
free amino acids while the protein has been degraded. During dark incubation, 
the amount of protein in the companion half-leaf decreased from 50 to 15%. 
This loss of protein during incubation decreased as the attached control 
leaves approached extreme senescence (September 15). The amount of chlorophyll 
of the detached darkened leaves decreased by about 30 to 60%. In contrast, 
the free amino acids of detached darkened leaves were increased by about 300% 
between August 5 and September 1, but there was only 100% increase in free 
amino acid content in late season. The increases in specific leaf weight of 
the ear leaves sampled on September 1 and September 15 (Fig. 3) show that these 
leaves were dehydrated and that water was absorbed during the dark incubation 
in a humid chamber. In regard to the changes of proteolytic activities, the 
amino- and carboxypeptidase of the attached leaves decreased in their 
activities after September 1 while the caseolytic activities were markedly 
increasing (Fig. 4). During dark incubation of the excised half-leaves, 
amino- and carboxypeptidase activities remained unchanged for samples taken 
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on August 5 to August 19, but decreased (50%) in samples harvested on 
September 1 and September 15. In contrast, the endopeptidase activities 
(pH 5.4 and 7.5 with casein) of the companion half leaves did not change 
during dark incubation when sampled on August 5 to 19, but increased 
significantly when sampled on September 1 and September 15 (Fig. 4). It 
can be deduced that the increases of endopeptidase activities and the reduc-
tion of exopeptidase activities observed in both attached leaves and the 
companion half-leaf during dark incubation are events associated with the 
normal senescence of leaves. 
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DISCUSSION 
Gradual changes in the ratio of exo- to endopeptidase activities in 
leaves were found during various stages of plant development. In the 
detached darkened leaf senescence, the ratio of exo- to endopeptidase 
activities was dependent upon the leaf ages. This ratio change becomes 
even more marked when compared to that in attached natural leaf senescence. 
It is noticed that the loss in the amounts of protein, chlorophyll and the 
accumulation of free amino acid content during dark incubation of detached 
leaves were independent of the leaf ages. 
During leaf senescence, the respiration rate increased in attached 
leaves (7) and also in detached leaves (7, 14). The respiratory quotient 
was changed in the detached darkened leaf (2) and indicating that the amino 
acids were used as the respiratory substrates. Hence, the protein hydrolysis 
was required to supply the amino acids as the source of energy for the 
senescing leaves. In healthy leaves, leaf proteins undergo turnover (12, 
13, 15). When detached darkened leaves senesce, the rate of protein synthe-
sis is reduced (2). The constant rate of protein degradation could possibly 
lead to observed net protein loss. In the young leaf and mature leaf stages, 
the exo- and endopeptidase activities were unchanged prior to and after the 
dark incubation. It is suggested that high levels of exopeptidase activities 
plus low levels of endopeptidase activities may be a character of 
proteolysis during protein turnover. 
In the senescing leaf stage, the marked changes of the ratio of exo- to 
endopeptidase activities suggested that increasing endopeptidase activities 
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were essential for the protein hydrolysis occurred in senescing leaf stage. 
Since the proteolytic activities in detached and darkened seedling leaves 
are different from naturally senescing leaves, the studies on detached and 
darkened seedling leaves can not be considered as a tool for studying 
natural leaf senescence. 
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SUMMARY 
Changes in proteolytic activities, levels of protein, amino acids and 
chlorophyll in detached ear leaves of field grown corn or 4th leaf (from 
bottom) of growth chamber grown corn seedlings (half-leaf longitudinal sec-
tion) incubated for 48 hours in a dark, humid 30 C environment were compared 
with the companion half-leaf sample assayed at time of harvest. The enzymes 
assayed were amino- and carboxypeptidase and caseolytic activities at pH 5.4 
and 7.5. When leaves were harvested during the seedling stage (15-35 days 
after germination) or from field grown plants prior to the onset of ear leaf 
senescence, marked changes were observed during the dark incubation. Protein 
and chlorophyll declined and amino acids accumulated, amino- and carboxypep-
tidase activities remained high and unchanged, and caseolytic activities 
remained low and unchanged. When ear leaves were harvested after the onset 
of leaf senescence, protein, chlorophyll, amino- and carboxypeptidase 
activity levels continued to decrease, ammo acids increased and caseolytic 
activities increased markedly, especially at pH 7.5 during dark incubation. 
These data show that high levels of caseolytic activities (endopeptidases) 
are not prerequisite for rapid protein hydrolysis in detached young (developing) 
leaves during dark incubation. The physiological age of the tissue in some 
way regulates the rapid production of caseolytic activities (at both pH levels, 
but especially at 7.5) that have been associated with the mobilization of 
vegetative N for transport to the grain. These data show that the proteolytic 
enzymes present in excised vegetative tissue undergoing dark senescence are 
different in amounts and kinds of proteolytic enzymes present in the naturally 
senescing leaves of corn during grain development. 
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PART III: CHANGES IN ACTIVITIES OF PROTEOLYTIC ENZYMES 
AS A FUNCTION OF WATER DEFICIT IN CORN (ZEA MAYS L.) 
56 
INTRODUCTION 
A decrease in leaf protein content has been reported when plants are 
subjected to water deficit (13, 2). The loss of protein could be due to a 
decrease of protein synthesis capacity, an increase of protein degradation 
or both. The finding that mild water deficit causes the disintegration of 
polyribosomes (8, 11) and that moderate to severe water deficits cause 
degradation of RNA (9) provide evidence that water deficits lead to a reduc-
tion in the capacity of protein synthesis. 
The evidence for the increases in rate of protein degradation or 
increases in the activities of proteolytic enzymes is seldom reported. The 
marked accumulation of amino acids, especially proline (5, 15), and the 
protein loss in the plant was commonly observed during the water deficit, 
but it was not known whether these changes were affected by water deficit 
per se or indirectly via senescence that was accompanied by prolonged water 
deficit (12). 
It has been reported that the protein synthesis rates under mild water-
deficit conditions were not inhibited for all kinds of protein. Differential 
inhibition of synthesis of proteins in leaves during water-deficit was 
reported by Dhindsa and Cleland (6). Other workers have also observed 
differential reduction of enzyme activities in tissues subjected to water 
deficit. Nitrate reductase (1, 10, 11) and phenylalanine ammonia lyase (1) 
were very susceptible to water-deficit, while NADH oxidase (1) and 
phosphoenol-pyruvate carboxylase (10) were less affected. 
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In contrast to the general reductions of the levels of the enzymes 
involved in synthesis, there is a tendency for increases of the levels of 
the hydrolytic enzymes in the plants under water-deficit conditions, as 
summarized by Todd (17). However, the physiological significances of the 
increases in activities of hydrolytic enzymes were not clear. 
The objectives of this study were to determine: 
(a) the long-term (8-day) effects of widhholding water from corn 
seedlings on the relative water content, chlorophyll, proteolytic activities 
and associated changes in protein and amino acid content of individual leaves 
as a function of their age (position) in comparison with well-watered controls, 
(b) the short-term (24-hr) effect of rapid desiccation (1 hr) and 
subsequent incubation (23 hr) under humid conditions of excised corn seedlings 
on the various parameters listed in (a) and ribonuclease activity in compari-
son with well-watered controls, and 
(c) whether water deficit per se can initiate the production of 
ribonuclease and proteolytic activities, protein hydrolysis and amino acid 
accumulation. 
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MATERIALS AND METHODS 
Plant Material. Corn seeds (cv. A632 x 0h43) were grown in vermiculite 
held in a plastic container (32 x 28 x 14 cm) with a perforated bottom and 
placed in a growth chamber. The plants were subirrigated daily with a full-
strength of Hoagland's solution. The culture conditions were 14 hours photo-
period, 20,000 lux light intensity, 40% relative humidity and maintained at 
30 C throughout the periods of experiments. 
Drought Treatment. In some experiments, plants with low leaf moisture 
content were attained by cessation of irrigation. Control plants were sub-
irrigated daily with nutrient solution. Triplicate leaf samples (2nd, 3rd 
and 4th from the bottom) were harvested daily from droughted and control 
plants. Samplings were initiated 24 hrs after the initiation of the experi-
ment and terminated when the 4th leaf was judged dead as indicated by ex-
tremely low levels of chlorophyll and protein content. Other experiments 
were designed to study the hydrolytic enzymes of the plants under controlled 
moderate water deficit conditions and to separate the effects of water 
deficit and senescence, intact seedlings excised under degassed water at 
ground level and transferred to an illuminated (light intensity: 1.9 cal 
cm"2 min""l) growth chamber at 30 C, 40% relative humidity for 1 hr. The 
seedlings were then transferred to a plexiglass humid chamber at 33 C for 
23 hrs under continuous light. The undesiccated and excised control shoots 
were transferred to a beaker containing degassed phosphate buffer for 23 hrs 
incubation in a humid environment. All the leaves of the shoots were used 
for assaying enzymes, and other characters in the experiments. 
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Water Content Measurements. Relative water content was calculated by 
the formula: RWC = (fresh wt - dry wt/turgid wt - dry wt) x 100. Turgid wt 
of the leaves was measured by floating the excised leaves in the water for 
5 hr in the dark at 16 C. Dry weight of the leaves was measured after 
drying at 100 C for 18 hr. In some instances, leaf water potentials were 
measured with a thermocouple psychrometer as described by Boyer (4). 
Enzyme Extraction. Frozen samples were ground in 4 volumes (w/v) of 
extraction medium (50 mM, pH 5.4 acetate buffer containing 10 mM 
mercaptoethanol and 1% polyclarAT) with a Virtis 45 homogenizer (Virtis 
Research Equipment, Gardiner, NY, USA) at 0 C. The homogenate was filtered 
through four layers of cheesecloth and centrifuged at 3,000 x g for 15 min. 
The supernatant was used for the enzyme assay. Enzyme assays and the deter-
minations of protein, chlorophyll and amino acids were the same as pre-
viously reported by Feller et al. (7), except that =-casein rather than 
casein was used as substrate for the endopeptidases. The assay temperature 
of caseolytic activities (pH 7.5) was 37 C, and the concentration of substrate 
(N-CBZ-L-phenylalanyl-L-alanine) for carboxypeptidase was increased to 4 mM. 
In some instances, proteolytic activities were measured by using hemoglobin 
as substrate (0.5%) but the assay procedures were identical to those of 
caseolytic activities. Proteolytic enzyme activities are expressed as 
°=-NH2 produced • h"-'- • leaf"^ - or (g~^dwt) for carboxypeptidase and endopep-
tidase activities and AOD41Q • h • leaf- (or g^dwt) for aminopeptidase 
activities. 
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In preliminary experiments a red color was noted in extracts after 
addition of trichloroacetic acid to precipitate protein. Because extracts 
from desiccated plants developed more color than extracts from well-watered 
plants, the change in pigment development with leaf desiccation was deter-
mined. The procedure used was to thoroughly mix equal volumes of extract 
and 15% trichloroacetic acid. After standing for 2 hr at 2 C, the mixture 
was centrifuged at 100 x g for 10 min. The supernatant was decanted into a 
spectrophotometer cuvette and read at 495 nm against a 7.5% trichloroacetic 
acid blank. Concentration of the compound(s) was expressed as AOD495 • g~ 
• leaf"1. 
Replication. The data expressed are the average of more than 4 replica-
tions of measurements from 2 independent samples. The experiments were 
repeated at least twice. 
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RESULTS AND DISCUSSION 
Changes in Leaf Fresh Weight and Relative Water Content with Drought. 
As indicated by changes in leaf weights, expressed as percent of appropriate 
controls, and by relative water content (Fig. 1), the rate and pattern of 
water loss differed among the leaves. However, the main difference in 
response to water deprivation was that the time lapse prior to the onset of 
rapid dehydration increased with the decrease in leaf age. In the control 
plant there was no significant change in relative water content or fresh 
weight of leaves 2, 3, and 4 from bottom of 15-day-old seedlings. These 
leaves were essentially fully expanded at the initiation of the experiment. 
Changes of the Amount of Chlorophyll, Protein and Free Amino Acids in 
Leaves with Drought. In the desiccated plants, the rate of loss of chlorophyll 
and protein was similar for all three leaves with the exception that leaf 4 
lost protein faster than chlorophyll from day 4 to 5 (Fig. 2 D,E,F). Thus 
under these environmental conditions the loss of chlorophyll or protein was 
an indication of the onset and development of leaf senescence. Although the 
patterns of loss of protein and chlorophyll are similar to the pattern of 
water loss for each leaf, there are differences. For leaf 2, little protein 
or chlorophyll were lost by day 2, while for leaf 3 there was no lag period 
in degradation of protein or chlorophyll. The converse was true for water 
loss from these leaves (Fig. 1). For leaf 4, no significant loss of 
chlorophyll or protein had occurred by day 4, although considerable loss of 
water occurred from day 3 to 4. These differences suggested the possibility 
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Figure 1. Changes of fresh weight and relative water content of water 
deficit leaves. The leaf fresh weights of control were 0.25 + 
0.01 mg, 0.58 + 0.10 mg and 1.26 + 0.10 mg for leaves 2, 3, and 
4, respectively. The relative water content of controls were 
94.38 + 0.68, 97.18 + 0.38 and 94.12 + 0.18% for leaves 2, 3, and 
4, respectively. The symbols a , $ , and 0 represented leaves 
2, 3, and 4, respectively. 
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Changes of the levels of protein, chlorophyll and free amino acids 
and in the activities of the amino- and carboxypeptidases and 
endopeptidases in water deficient leaves. The control values of 
each character are listed in the following table. 
Leaf 2 Leaf 3 Leaf 4 
Protein 2.06+0.52 4.98+0.89 14.87+1.12 
mg • leaf^ 
Chlorophyll 4.19+0.62 9.44+1.17 23.36+3.78 
AOD665nm * leaf"1 
Free amino acids 1.24 + 0.19 3.28 + 0.51 10.80 + 1.72 
ymoles • leaf~l 
Aminopeptidase 10.33 + 2.32 20.76 + 3.88 57.69 + 7.16 
Carboxypeptidase 8.40+1.30 16.50+2.97 32.20+4.81 
umoles «-NH2 • h~l • 
leaf" 1 
The caseolytic activities (pH 5.4 and 7.5) of the control leaves 
were the same as the values shown at day 1 in Figure 2 and the 
levels of caseolytic activities were unchanged during the period 
of experiments. 
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that some essential materials such as amino acids or other unknown compounds 
translocated from lower leaves could delay the degradation of chlorophyll 
or protein by day 4. 
By the time each leaf was judged dead, the relative water content (as % 
of control) had been depleted below 7.5% in all leaves. The residual protein 
and chlorophyll content in the "dead" tissue was quite low, however, the 
residual levels were more variable than the relative water content, especially 
for protein in leaf 2. It seems logical to suggest that the severe desicca-
tion of this leaf interrupted protein hydrolysis. 
In all leaves from desiccated plants there was an initial decrease 
(approximately 50% of comparable controls) in amino acid content, even though 
there was no decrease in relative water content (Fig. 1, Fig. 2 A,B,C). The 
most logical reason for this rapid drop in amino acid content is a reduction 
in NO3 assimilation and consequently amino acid synthesis, caused by an 
inadequate supply of NO3. The deficiency of NO3 could be due to a change 
in leaf water potential (not detectable by relative water content measure-
ments) that affect the flux of NO3 to the leaf (14) or to a depletion in root 
medium NO3. Morilla e_t al. (11) found that leaves with -2 to -4 bars water 
potential had but 40 to 60% of the extractable nitrate reductase activity of 
well-watered controls. Other workers have also shown that nitrate reductase 
and consequently NO3 assimilation is one of the first physiological processes 
affected by water deficits (10). Subsequently, there was very little change 
in amino acid content of leaf 2 and 3 as water deficits increased. This 
constancy of amino acid content is attributable to the resultant effects 
of decreased amino acid synthesis, degradation of protein and transport. 
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In contrast, in leaf 4 marked increases in amino acids occurred from day 3 
to 7. The residual amino acid content of leaf 4 was more than double that 
found in leaf 2 or 3. Whether this marked increase in amino acid content of 
leaf 4 is due to protein hydrolysis with no transport out or inward transport 
of amino acids from other parts of the plant or both, is not known. 
In the comparable leaves of the control plants, the chlorophyll and 
protein contents were essentially constant throughout the experiment. In 
contrast, amino acid content of control leaves 2 and 3 decreased gradually 
(losing approximately 50% by day 5 and 7, respectively). In leaf 4, amino 
acid content decreased (30%) between day 1 and 2 and then remained constant. 
Changes of Leaf Proteolytic Activities with Drought. Exopeptidase 
(amino- and carboxy-) activities remained relatively constant (comparable 
with control activities) until the relatxve water content of each leaf was 
reduced to approximately 40% that of their respective control (Fig. 1, Fig. 2 
A,B,C). Additional leaf desiccation resulted in a rapid loss of exopeptidase 
activities. In leaf 4, aminopeptidase was found, consistently, to be more 
tolerant of water stress than carboxypeptidase. 
In leaf 2 and 3, increases in caseolytic activities (expressed an a per 
leaf basis) were concurrent with slight decreases in relative water content 
between day 1 and 2 while in leaf 4 increases (especially at pH 5.4) 
occurred between day 2 and 3, although there were no detectable changes in 
relative water content until after day 3. These changes indicate that water 
deficit does not cause the increase in caseolytic activity in each leaf, 
raising the possibility that hormonal changes are involved or that changes in 
leaf water potential not detectable by relative water content measurements 
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cause the increase in activity. Maximum caseolytic activities occurred in 
leaf 2 and 3 when relative water content was about 60% and in leaf 4 when 
relative water content was about 40%. In leaf 2 and 3 initial increases 
in caseolytic activities were concurrent with decreases in leaf protein; 
however, in leaf 4, caseolytic activities increased to 75% of maximum before 
appreciable amounts of protein were lost. It is not known whether the 
endopeptidase were inactive in situ or if protein synthesis and degradation 
were balanced in leaf 4 during the first 4 days. At the time that caseolytic 
activities reached their maximum levels, protein in leaf 2, 3, and 4 had 
decreased to 60, 40, and 30% of controls, respectively. Subsequently, 
caseolytic activities, leaf protein and relative water content declined 
concurrently; however, the rate and pattern of decline for each trait varied 
with each leaf. It is not known whether the lack of water or substrate, 
or both causes the loss in caseolytic activity. 
pH Profiles of Caseolytic Activities. The broad pH profile obtained 
with extracts from well-watered and water deficit plants indicates the 
presence of several endopeptidases that will hydrolyze casein (Fig. 3). The 
shift in maximum activity from pH 5.0 (watered plants) to pH 6.0 (droughted 
plants) suggests that the treatment caused a change in the relative 
abundance of the different endopeptidase. This is supported by the marked 
increase in neutral or slightly alkaline endopeptidase activities in the 
water deficient material. Similar increases in caseolytic activities at 
pH 7.5 has been observed with natural senescence of field grown corn (7). 
During the 8 day period, there was no significant change in the caseolytic 
activities at pH 5.4 and 7.5 in any of the leaves taken from the well-watered 
plants. 
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Figure 3. Caseolytic activities as a function of pH of assay medium. The 
caseolytic activities were determined with the extract prepared 
from the 4th leaf (from bottom) of well-watered control 21-day-
old corn seedlings (0 0). The caseolytic activities were also 
determined with the extract prepared from the 4th leaf (from 
bottom) of 21-day-old corn seedlings subjected for water-
deficit for 6 days (• • ) . 
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Changes in Pigment Content. Data of Figure 4 show that the development 
of the pigmentation did not commence with the initial phases of leaf 
desiccation (loss of 2 to 3% in relative water content). This suggests 
that the production of the pigment(s) was secondary to the effects of water 
deficit. The production of the chromophore(s) ceased when relative water 
content reached 30% in leaf 2 and 3 and at 45% in leaf 4. The initial 
production of pigment was concurrent with protein loss in leaf 2 and 3, but 
not in leaf 4. There was no apparent relationship between cessation of 
pigment formation and protein and amino acid content of the leaves. Although 
the data (Fig. 4) show that the production of the pigmentation was higher 
(2-fold) than their respective controls for leaf 3 and 4 than in leaf 2, 
the final concentration of pigment(s) per gm fresh weight progressively 
decreased as leaf age decreased. 
Plants exposed to drought accumulate amino acids (12) and among these 
amino acids, phenylalanine is found in abundance (5). The deamination of 
phenylalanine produces cinnamic acid, a precursor of flavonoids and tannins 
(3). Todd (17) also describes the accumulation of a tannin- or phenolic-type 
compound in plants exposed to drought. 
Because this assay for this pigmentation is simple and rapid, its 
usefulness as a corollary measurement in drought studies of corn are 
suggested. However, much work is needed to establish it as a useful tool. 
The following short term experiments with excised corn shoots were 
undertaken to determine if water deficits per se would initiate the production 
of ribonuclease and proteolytic enzymes, hydrolysis of protein and the 
accumulation of amino acids. 
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Figure 4. Changes in the pigmentation in water deficit leaves. The amounts 
of the controls were 0.42 + 0.29, 0.29 + 0.09, and 0.54 + 0.16 
^OD495nm • leaf"! for leaf 2, 3, and 4, respectively. The symbols 
0, +, and • represented leaf 2, 3, and 4, respectively. 
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Relative Water Content. When excised corn seedlings were desiccated for 
1 hr followed by incubation for 23 hr in a humid environment, the average 
relative water content of the leaves dropped to 68% (-12 bars, thermocouple 
psychrometer) after the 1 hr of desiccation but decreased only 3% more (-16 
bars) during the humid incubation (Fig. 5). Illumination was continuous 
throughout the 24 hr period. With the excised control seedlings that were 
incubated only under the humid environment for 24 hr, the leaf water potential 
decreased from -2 bars (initial) to -4 bars (terminal). 
Because there was no detectable loss of leaf dry weight in either the 
treated or control material, during the 24 hr period, enzyme activities are 
expressed on a dry weight basis. 
Changes in Chlorophyll, Protein and Amino Acid Concentrations. Data of 
Figure 6A show that chlorophyll concentrations in the leaves of treated 
plants were not significantly different from the controls until after 14 hr 
of incubation. However, after 23 hr of incubation, the concentration in 
treated leaves was 10% lower than in comparable controls. 
There was no significant loss of protein in treated leaves during the 
first 8 hr of incubation, while between 8th and 23rd hr of incubation, the 
rate of protein loss was linear (Fig. 6B). Over the 23 hr period the treated 
leaves lost an estimated 40 mg protein per g dry leaf weight. This loss 
can be equated to 333 umoles of amino acids (assuming an average molecular 
weight of protein amino acids to be 120). 
Appreciable increases in leaf amino acid concentrations were detected 
6 hr after the initiation of treatment (Fig. 6B). After the 6th hr of 
incubation the rate of amino acid accumulation was nearly linear. The net 
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Figure 5. Effects of rapid desiccation on average water potentials and 
relative water content of leaves of the excised 11-day-old maize 
shoots. The symbols + and a represented the desiccated and 
excised control, respectively. 
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Figure 6. Effects of rapid desiccation on the levels of chlorophyll, protein, 
and free amino acids of 11-day-old maize shoots. Dotted and solid 
lines indicated the well-watered control leaves and water deficit 
leaves, respectively. 
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increase in amino acid concentration (400 umol g"1 dry weight) agrees 
reasonably well with the 333 umol g"-*- dry weight estimated from protein loss. 
Possible reasons for the small (16%) difference could"be due to the assump-
tion of equal distribution of all 20 amino acids in the protein degraded. 
Leaves from the control plants that were incubated in the humid environ-
ment for the 23 hr period, exhibited a slight decrease in protein concentra-
tion and an increase in amino acid concentration during the last half of the 
incubation period. 
Changes in Ribonuclease and Proteolytic Activities. An increase in 
ribonuclease activity of the leaves from treated excised shoots occurred during 
the 1 hr desiccation period and continued in a nearly linear manner 
throughout the subsequent humid incubation period (Fig. 7A). In the control 
excised shoots (incubated only under humid conditions) there was a slight 
increase in ribonuclease activity during the last half of the incubation 
period. This slight increase in activity could be due to excision of the 
shoots. Unless there is some unknown interaction between excision of the 
seedling and subsequent desiccation, the increase in ribonuclease activity 
in the treated material is attributable to water deficit. 
Carboxypeptidase activity of the treated material was not significantly 
different from the control material until after 14 hr of incubation, however, 
after 23 hr incubation the activity of the treated material decreased to 80% 
that of the control. 
During the 1 hr desiccation period, activities (pH 3.8, with hemoglobin; 
pH 5.4, with casein) increased (Fig. 7B). However, during the initial phases 
of the subsequent humid incubation period all activities decreased. The 
Effects of rapid desiccation on the activities of exo- and 
endopeptidases and ribonuclease activities of 11-day-old excised 
maize shoots. The symbols ••••••, A-'"A, and [!••••• in 
Figure 7B indicated the endopeptidase activity control of CA 
(pH 7.5), HA (pH 3.8) and CA (pH 5.4), respectively. 
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reason for this rise and fall is not known, however, these results were 
reproducible. During the last 17 to 19 hr of humid incubation there was a 
dramatic increase in caseolytic activity at pH 5.4, a significant increase 
in hemoglobin hydrolysis at pH 3.8, and an insignificant increase in 
caseolytic activity at pH 7.5. These activity patterns show that the 
endopeptidase that hydrolyzes casein at pH 5.4 are more closely related to 
the loss of leaf protein than the other two endopeptidases (cf. Fig. 7B 
with Fig. 6B). 
These studies are different from most previous studies in that they 
attempt to separate the effects of water deficit per se on the events commonly 
associated with senescence. The 1 hr desiccation treatment reduced leaf water 
potential to -12 bars and the subsequent 23 hr of humid incubation reduced 
leaf water potential an additional 4 bars. The minor changes of leaf water 
potential during incubation provided a situation to study the biochemical 
changes sequentially after rapid desiccation. In addition, this treatment 
caused negligible loss of chlorophyll and some loss of protein while a 
marked increase in ribonuclease activity and endopeptidase activity (pH 3.8 
and 5.4 with casein) were observed. This demonstrated that mild water 
deficit initiates the production of hydrolytic enzymes commonly associated 
with senescence while the initial studies showed that prolonged and severe 
water deficits accelerated the production of these enzymes and the associated 
loss of leaf protein and chlorophyll from the leaves. 
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SUMMARY 
Corn (cv. A632 x Oh43) was grown in vermiculite in a growth chamber, 
subirrigated with a full-strength Hoagland's solution daily. Water deficit 
of the 15-day-old seedlings was initiated by withholding of water supply. 
Leaf 2, 3, and 4 (from bottom) were sampled daily from well-watered control 
plants and water-deficit plants until the leaves were judged dead (no 
chlorophyll or protein) on treated plants. In well-watered control plants, 
only minor changes in protease activities, and the amounts of protein and 
chlorophyll were observed. In water-deficit plants, the loss (rate and 
sequence) of chlorophyll, protein, carboxypeptidase and aminopeptidase 
from each leaf was related to the loss of water content from the comparable 
leaf tissue. In contrast, caseolytic activities (per leaf basis) at both 
pH 5.4 and 7.5 increased during the initial phase of water-deficit and then 
decreased when two-thirds of leaf protein was lost. A leaf pigment with 
an absorption maximum of 495 nm also increased with decreasing of relative 
water content. 
In order to investigate the changes of proteolytic enzyme activities and 
ribonuclease activities under moderate and controlled leaf moisture content 
conditions, 11-day-old corn seedlings were excised, rapidly desiccated, and 
then incubated in a humid chamber. The leaves were maintained at fw = -12 to 
-16 bars during a 23 hr incubation. There was no apparent loss of chlorophyll, 
but the protein loss was significant and this loss was accompanied by a 
comparable accumulation of the amount of free amino acids. In regard to the 
change of proteolytic enzymes, the exopeptidase activities of the leaves 
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treated with fast desiccation showed 25% decrease during 23 hr incubation. 
In contrast, ribonuclease and caseolytic activities (pH 5.4 and 3.8) were 
greatly enhanced. These data suggested that after the first few hours the 
rate of protein degradation was enhanced by the increases of proteolytic 
activities in vitro during water deficit. 
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